Abstract: This paper develops measures to identify resonant or unfavorable earthquake ground motions. Probabilistic measures based on the entropy rate and the geometric properties of the power spectral density function of the ground acceleration are developed.
INTRODUCTION
Structural design to earthquake loads is the key tool for the mitigation of earthquake hazards. Structural engineers aim to design structures that are safe against possible future earthquakes and are economic at the same time. The specification of robust design earthquake loads for structures is the first step towards achieving this goal. The method of critical earthquake load modeling has been developed in the literature for specifying robust mathematical earthquake loads on structures. The studies by Abbas (2002 Abbas ( , 2006 and Takewaki (2002 Takewaki ( , 2007 provide an extensive overview on this method. The critical or most unfavorable earthquake load for a given structure is derived by solving an inverse dynamic problem using optimization techniques subjected to predefined constraints reflecting known information on earthquake data at the site. These seismic loads are tailored to produce the highest structural responses while they satisfy predefined constraints on the earthquake ground motions at the site. Abbas and Manohar (2002, 2005, 2007) examined the significance of incorporating a lower bound on the entropy rate of the ground acceleration in deriving critical random earthquake load models. These studies showed the significance of the entropy rate constraint quantified from actual recorded accelerograms in producing realistic earthquake loads that are rich in frequency content.
In this paper, we employ the notion of the critical excitation method and random vibration theory to develop measures for identifying resonant or unfavorable earthquake records among a set of records. The first measure is based on the concept of the entropy of random processes and the second measure is the dispersion index of the power spectral density function (PSDF) of the ground acceleration and is based on the work of Vanmarcke (1972 Vanmarcke ( , 1976 ).
Deterministic measures of the frequency content of the ground acceleration are also developed. These measures can provide a basis for the selection of proper design records for structures. Numerical illustrations on identification of resonance in random process and 110 earthquake records at various soil sites and different earthquake characteristics are provided.
The next section demonstrates the development of a new measure using the entropy rate for identifying resonance in random processes. Subsequently, the dispersion index and central frequency measures developed by Vanmarcke are explained. The use of these measures to identify resonant earthquake records is then demonstrated. The developments of deterministic measures for identifying frequency content of ground motions is then explained. The last section illustrates the use of these measures for the selection of proper acceleration records for seismic design of structures.
ENTROPY AS A MEASURE OF RESONANCE AND CRITICALITY OF PROBABILISTIC EARTHQUAKE MODELS
The idea of using entropy to measure the amount of information in random signals sent along a transmission line was proposed by Shannon (1948) . This idea has been advocated as being a general principle of statistical inference and has been used in science, engineering and economics. The literature on the use of entropy in engineering is vast (see, e.g., Papoulis 1991, Kapur 1993). Entropy in its basic form is a measure of uncertainty or missing information.
For instance, the entropy of a random variable x is a measure of the uncertainty associated with that random variable, which is given in terms of the probability density function ) (x p as follows (Papoulis 1991):
H is large, the uncertainty as to the value of x is also large. For instance, the entropy of a normal random variable of large coefficient of variation is also large. Note that when the coefficient of variation is significantly large, the normal distribution can approximate the uniform distribution that possesses the largest entropy among all distributions. On the other hand, when the coefficient of variation is very small, the distribution may approximate a deterministic quantity which possesses zero entropy.
In the context of earthquake engineering, the use of entropy was introduced in modeling critical earthquake loads (Manohar and Sarkar 1995 , Abbas 2002 , Abbas and Manohar 2002 , 2007 . These studies proved the crucial role of including the entropy in producing realistic critical earthquake loads. The entropy of a zero-mean stationary Gaussian random process ) (t u is given as (Papoulis 1991): while a time signal composed of several frequencies will be disordered. Note that two random processes with the same energy (i.e., same area under the PSDF) need not possess the same entropy. This is because entropy depends on the frequency bandwidth and the spectral amplitude of the PSDF (see Eq. 2). To gain more insights into the use of entropy in characterizing ground motions we derive the entropy of probabilistic models of Gaussian ground motion models in the next subsections.
Stationary narrow-band white noise model
The narrow-band random process has been used extensively as an idealization for random 
Stationary band-limited white noise model
The band-limited white process has been used as an approximation for earthquake and wind loads. This process possesses finite energy, constant spectral amplitude in the frequency range ) , ( 0 u ω ω . Thus, Eq. (2), leads to:
Accordingly, the spectral parameter 0 s defines the entropy of the band-limited process. 
Nonstationary and evolutionary PSDF models
Several earthquake acceleration models have been developed in the literature to account for nonstationarity in time and frequency content. This class of earthquake models is known as evolutionary PSDF models (see, e.g., Nigam and Narayanan 1994 for more details). Herein, the PSDF of the ground acceleration is a function of time and frequency and is represented as: 
where,
are constants. Herein, the quantification of entropy can be carried out using numerical integration of the evolutionary PSDF at discrete points of time. The above subsections demonstrated the quantification of the entropy for probabilistic earthquake models. It is shown that the entropy for stationary and uniformly modulated random processes is constant. Also, the entropy of the band-limited acceleration is significantly larger than that of the narrow-band acceleration. We explain the quantification of the relative entropy of two random processes in the next subsection.
Relative entropy of two random processes
To compare entropy from alternative acceleration models, we measure entropy of the random process ) (t u with reference to a wide-band signal ) (t z of spectral intensity 0 s . This is known as the relative entropy of two random processes. Thus, under the assumption that ) (t u is independent of ) (t z , the increase in entropy when ) (t u is added to ) (t z is given as:
We now calculate the entropy index H Δ for the narrow-band, the Kanai-Tajimi and the band-limited acceleration models, described above, from a reference wide-band signal of intensity 0.02 m 2 /s 3 . The PSDF for each of these three models is normalized such that they possess unit area (see Fig. 2 ). This normalization implies equality of the earthquake energy of the three models (Arias 1970). (1) The narrow-band acceleration possesses the smallest entropy. In other words, the PSDF of this model is well ordered or the acceleration energy is concentrated at a single frequency.
Note that the central frequency of the acceleration does not influence the value of the entropy (see Table 1 and Eq. 3). Thus, entropy of narrow-band signals with the same energy is invariant regardless of the central frequency.
(2) The band-limited acceleration possesses the highest entropy among all models. This is because the energy of the process is well represented at all frequencies.
(3) The Kanai-Tajimi acceleration is significantly disordered. This is expected since the PSDF is reasonably distributed across a significant frequency range (see Fig. 2a ). The entropy for soft soil is small compared with that for rock soil. This is not surprising since the PSDF for soft soil is narrow-band while that for rock soil is distributed across a wider frequency range (Fig. 2b ).
(4) Entropy of the Kanai-Tajimi model is bounded between entropy of the narrow-band acceleration and that from the band-limited acceleration for all soil conditions (see Table   1 ). This result is interesting since it provides lower and upper bounds on entropy of the Kanai-Tajimi acceleration model.
In general, earthquake ground motions possess amplitude distributed across a significant frequency range. This is because the energy released at the source gets amplified and filtered by the soil layer above the rock level due to site and attenuation effects caused by soil damping, geometric spreading, wave scattering and local soil profile. As discussed in the Introduction section, real accelerograms, however, exhibit the resonance trend, and thus, the associated frequency range is narrow which can be characterized in terms of the entropy.
This section explained the use of entropy as a measure of the frequency content of probabilistic earthquake models. It is shown that the narrow-band and the band-limited signals provide lower and upper bounds on the entropy of the Kanai-Tajimi model. We estimate entropy of recorded accelerograms in the next section.
DISPERSION INDEX AND CENTRAL FREQUENCY
Vanmarcke (1972, 1976) developed measures for the frequency content of the ground acceleration in terms of the geometric properties or the moments of the PSDF. These measures are outlined here. The ith moment of ) (ω S is given as:
The zeroth moment defines the energy and the second moment defines the variance of the random process. The ith frequency is defined as: small it implies that the ground acceleration is narrow-band and when s ω is large, the ground acceleration is broad-band or rich in frequency content. This is followed by the estimation of the entropy using Eq. (8). Table 1 ).
These results reveal that entropy of the Kanai-Tajimi model is bounded by entropy of the narrow-band acceleration and entropy of the band-limited acceleration. Interestingly, entropy
of the recorded acceleration is also bounded by the narrow-band and the band-limited signals.
Note that the narrow-band signal represents a resonant acceleration that is poor in frequency content. The band-limited signal, on the other hand, represents an acceleration that is rich in frequency content. Based on this observation it can be expected that entropy of a resonant or a narrow-band acceleration will be the smallest among a set of records while, entropy of an acceleration that is rich in frequency content will be large. The next section develops deterministic measures to quantify the frequency content of ground motions.
THE USE OF DETERMINISTIC MEASURES TO IDENTIFY RESONANCE OF EARTHQUAKE RECORDS
Consider an acceleration record of finite energy in time domain satisfying the condition:
Under this condition, the Fourier transform of the ground acceleration is given by:
Equation ( 
), a similar measure can be computed in frequency domain:
Herein, ) ( 
The central frequency or dominant frequency of the ground acceleration that reflects the influence of the local soil profile can be computed as:
An additional frequency max ω that corresponds to the peak amplitude of ) (ω y can be also estimated (see Fig. 4 ). The relevance of max ω becomes obvious by comparing max ω with the fundamental frequency of the structure. For instance, when the ratio n ω ω / max is close to one, it can be expected that the input energy to the structure will be large (Takewaki
2004).
It is believed that these measurers provide important information on the nature of the ground motion, and, thus, can be adopted in identifying the frequency content of recorded accelerograms. It is proposed in this paper that these measures be utilized in selecting recorded accelerations as design inputs to important structures. Thus, if a set of n records are available and it is required to select a few records (typically 3~10) for seismic design of a new structure of fundamental frequency n ω (obtainable using approximate or empirical expressions), the following procedures can be adopted:
(1) Normalize the set of available accelerograms to the same Arias intensity (Arias 1970).
(2) Calculate the central and effective frequencies for each record (Eqs. 16, 17). To demonstrate the use of the measures developed in this paper in quantifying resonant recorded accelerograms, we consider the acceleration records listed in Table 2 (PEER 2005).
The numerical values of these measures are given in the same 
IDENTIFICATION OF RESONANT ACCELERATIONS AND SELECTION OF DESIGN ACCELEROGRAMS
To examine the applicability of the measures developed in this study in identifying resonant accelerograms at a site we consider the four recorded earthquake groups shown in Table 3 . These records include accelerograms measured at rock, stiff, medium and soft soil sites (PEER 2005). The selection of these records is based on the site soil classification adopted by the USGS in terms of the shear wave velocity s v (see Table 3 ). The vertical and the two horizontal accelerations of each earthquake are considered in the numerical analyses. Table 3 provides information on magnitude, source-site distance, PGA, Arias intensity, duration and recording station for the 72 accelerograms considered. In numerical calculations, the dispersion index is normalized by 2 ω and all records are scaled to the same Arias intensity.
The numerical results on entropy and dispersion indices for these records are provided in Table 3 . The mean and coefficient of variation for the entropy are (0.58, 0.17), (0.52, 0.23), (0.47, 0.14), and (0.50, 0.28) for rock, stiff, medium and soft soil, respectively. The higher variation is seen in the entropy for the soft soil site which could be attributed to the differences in the source properties and other characteristics (e.g., duration, magnitude, smaller intensity (8.59 m 2 /s 3 ) but possesses significantly higher spectral amplitudes in the frequency range 2 π (0,2) rad/s. Thus, it can be expected that this record will produce large deformations in a structure with short to moderate period compared to the first acceleration.
We verify this observation below. Table 4 . From the numerical results it is evident that the identified resonant acceleration (Cape Mendocino) produces more damage than the Landers acceleration.
In fact, the three structures are damaged beyond repair (DI PA > 0.40) by the first acceleration while they sustain the second acceleration with repairable damage (DI PA < 0.40) (Park et al., 1985) . The same observation applies to the ductility factor.
We further examine the measures developed in this study for the four groups of earthquake records listed in Table 5 . These records include near-fault accelerograms measured at rock and soil sites, and short-duration and long-duration earthquakes (PEER 2005). The selection of records for different soil conditions and for different earthquake durations is meant for examining the robustness of the proposed measures to different earthquake characteristics.
The two horizontal accelerations are considered in the numerical analyses. Table 5 provides information on these records. Note that all records are scaled to the same Arias intensity.
The numerical results on entropy and dispersion indices for each of these earthquake accelerations are provided in Table 5 . The results reveal that the entropy and the dispersion indices correlate well and that they both successfully identify resonant accelerograms. It is seen that the narrow-band records possess the smallest entropy and dispersion indices (e.g., (Arias intensity). Table 4 : Ductility factor and damage index for SDOF inelastic structure subjected to ground acceleration. (Arias intensity).
